An important question in biology is why some animals are able to regenerate, whereas others are not. The basal chordate amphioxus is uniquely positioned to address the evolution of regeneration. We report here the high regeneration potential of the European amphioxus Branchiostoma lanceolatum. Adults regenerate both anterior and posterior structures, including neural tube, notochord, fin, and muscle. Development of a classifier based on tail regeneration profiles predicts the assignment of young and old adults to their own class with >94% accuracy. The process involves loss of differentiated characteristics, formation of an msx-expressing blastema, and neurogenesis. Moreover, regeneration is linked to the activation of satellite-like Pax3/7 progenitor cells, the extent of which declines with size and age. Our results provide a framework for understanding the evolution and diversity of regeneration mechanisms in vertebrates.
egeneration, as an evolutionary trait, is distributed widely and nonuniformly across the Metazoa; it is also highly variable in quality and structural specificity. Recently, there has been a resurgence of interest in the evolutionary distribution and basis of regeneration (1) . A question of general interest is why certain lineages have lost or reduced regenerative capacity relative to their regeneration-competent sister taxa. In particular, the properties of CNS regeneration in more basal vertebrates may shed light on the reasons for reduced capacity in mammals and birds (2) . Despite the plethora of hypotheses that attempt to explain the evolutionary significance of regenerative ability, the unresolved central issue is whether the ability to regenerate is adaptive or simply a byproduct of selection on other metabolic or developmental processes.
Studies across phyla indicate that there is broad conservation of the developmental signaling pathways involved in regeneration (3) , but the signals that initiate regeneration on injury and the downstream targets that they induce have proven more elusive. Moreover, the historical distinction between invertebrate-and vertebrate-type regeneration can make comparisons difficult. In planaria and Hydra, for example, the contribution of pluripotent stem cells has been the predominant focus of regeneration research. In contrast, among vertebrate models, studies have highlighted dedifferentiation of existing structures or the role of muscle satellite cells (3) . Bridging the gap, ambulacrarian deuterostomes and urochordates show considerable regenerative capacity (1, (4) (5) (6) (Fig. 1A) . However, their anatomy is not readily comparable with the vertebrate body plan, making it difficult to draw conclusions from such derived phyla. The origins and evolution of chordate regeneration mechanisms are, therefore, still unresolved.
The cephalochordate amphioxus, the most basal living chordate (7), possesses many ancestral anatomical characters, whereas many derived vertebrate features, such as bona fide neural crest, are absent (8) . Sequencing the Branchiostoma floridae genome has uncovered a prototypical genomic architecture and gene complement devoid of many of the duplicated genes characteristic of vertebrate genomes (9) . Amphioxus is, therefore, ideal to address questions about the evolution of regenerative mechanisms in chordates at the invertebrate-vertebrate transition. It has been reported that cephalochordates regenerate major axial structures (1-3); however, although there is some morphological evidence for wound healing and tail regeneration (10) (11) (12) (13) , no systematic study has been undertaken, and neither molecular nor comparative data exist.
Here, we perform a comprehensive study of regeneration in the European amphioxus B. lanceolatum. Notably, we show a remarkably high capacity to regenerate not only posterior but also anterior structures. Tail regeneration seems to be epimorphic and involve the loss of differentiated characteristics. Moreover, reexpression of embryonic markers in the blastema and de novo neurogenesis occur. At the population level, we show that young and old adults can be distinguished based on early tail regeneration profiles. Moreover, we show that blastema formation involves the activation of proliferative Pax3/7 + satellite-like progenitor cells, the anterior expression of which declines with size and age. These data support the hypothesis that many components central to the regeneration process in vertebrates were already present in the ancestral invertebrate chordate.
Results

Amphioxus Adults Regenerate Anterior as well as Posterior Structures.
We first examined the putative regenerative ability of adult amphioxus B. lanceolatum after postanal tail amputation. This starting point was considered appropriate, because bilaterians with regenerative capabilities typically show posterior regenerative ability; also, it has been argued that natural selection will favor regeneration only when noncritical structures are amputated (14) . We found that, under sterile conditions, 100% of tails healed and formed a blastema-like structure. We then amputated amphioxus at various levels along the anterior-posterior axis to determine the limits of their regenerative abilities (Fig. 1B) . Amphioxus are able to regenerate the most anterior and most posterior structures with high fidelity, particularly the anterior notochord, neural elements and fin, buccal cilia, and all structures of the tail (Fig. 1, boxes 1-7 and Fig. S1 ). Mortality is higher and regenerative ability is lower with proximity of the amputation to the pharynx; damage to the branchial basket or hepatic diverticulum produced defects from wound healing without regeneration to death. Because we are interested in the evolution of chordate characters, we focused exclusively on postanal tail regeneration, which was most easily reproducible. Tail Regeneration Follows Predictable Stages over Time. We amputated postanal tails at comparable anteroposterior levels to characterize the morphological changes that accompany amphioxus regeneration. After amputation, each individual was isolated in a semiclosed system with running seawater and a natural light cycle to emulate most closely its normal environmental conditions (15) and photographed every 2 d for the first 28 d and then at weekly intervals. We observed no amputation-induced mortality under these conditions, and all individuals were able to form a regeneration blastema.
At the gross morphological level, tail regeneration in amphioxus resembles the regeneration reported in salamanders and frog tadpoles (16) (17) , beginning with wound healing between 2 and 7 d postamputation (dpa), formation of a blister-like swelling by 10 dpa, and finally, formation of a cone-shaped blastema bud as early as 14 dpa, often with an identifiable neural ampulla ( Fig. 2A) . The muscle fibers in the transected myomeres progressively degrade, although not uniformly, leaving gaps anterior to the amputation plane. Over the next week (up to 21 dpa), elongation of the neural tube and notochord occurs, and the fin begins to extend to the tip of the forming regenerate. Starting at week 4, the regenerate fills out, continuing to elongate and flatten laterally. The holes in the muscle begin to repair themselves, and the shape of the new notochord becomes more regular. At 6 wk, new muscle fibers and notochord lamellae can be observed with the naked eye; by 15 wk, albeit smaller in size, the regenerate is virtually indistinguishable from the original.
By 10 dpa, histology reveals accumulation of connective tissue and mesenchymal cells beneath the wound epithelium (Fig. 2B ) and muscle fiber fragmentation at the amputation plane. After a clear blastema forms, the neural ampulla can also be identified, and the notochord stump is filled with flattened, stellate-shaped, and apparently undifferentiated cells (week 2). By week 3, dedifferentiation of the notochord, here defined as loss of differentiated characters (loss of coin-stack organization, change to a mesenchymal cell shape, and disconnection of lamellae from interior of sheath), has proceeded a considerable distance (≥100 μm) anterior to the amputation plane. The new neural tube shows distinct anterior-posterior patterning, which is similar to the original neural tube (Fig. S2) . After the first two phases of debris clearing/wound healing and dedifferentiating have occurred, tail elongation slows, and repatterning begins. By 6 wk, undifferentiated notochord cells realign distally to form lamellae, and mature muscle fibers can be identified in the regenerate ( Fig. 2 B and C and Fig. S3 ). These morphological and histological data suggest that tail regeneration in amphioxus may occur, as in salamanders, through dedifferentiation of existing structures.
Tail Regeneration Potential Declines with Size and Age. Our morphological and histological observations also suggest that larger animals regenerate more slowly or less well than smaller individuals-a phenomenon that has been observed in other organisms (18) . We divided our dataset into two classes, one representing small or young individuals (length = 20-30 mm, mean = 25.5 mm) and the other representing large or mature adults (length = 35-45 mm, mean = 39.8 mm). These classes are based on the observation that the Argelès-sur-Mer population of B. lanceolatum forms gonads and spawns at a size near 3 cm. Using demographic data on European B. lanceolatum found at our study site (19), we estimate that our small and large animals are 2-3 and 4-5 y old, respectively, with the largest animals in our sample falling near the extreme of the distribution. Although we found that all animals differentiated appropriate tissue types (e.g., fin, neural tube, notochord, and muscle) with time, quantification of regenerate quality at 8 wk indicated that older animals were more prone to polarity or structural defects (Welch's t test, P ≤ 0.001) (Fig. S1 ), suggesting a reduction of regeneration ability with age. We also calculated growth rates of the regenerating tails at different intervals to determine if there were any size-and age-related differences (20) . Surprisingly, we found that the two classes have different growth profile slopes and exhibit different curve shapes ( Fig. 3 A and B) (P ≤ 0.005). This finding suggests that the reduction in regenerative potential in the larger, older individuals is caused by some inherent biological difference in the regenerative process rather than simply a timing difference of regenerative events.
To model the differences in regeneration profiles between size/age classes and determine whether these groupings could be predicted using regenerate growth alone, we developed a classifier based on the seven most informative timepoints from 14 to 56 dpa. We used the Gompertz distribution to represent the shape of the growth curves, which has been shown to accurately model the time evolution of different biological . The amputation plane is marked by a fine dotted line. Anterior amputation regenerated notochord (white arrowhead) and fin (1 and 2) as well as neural structures and buccal cilia (2, blue arrowhead, and 3). At the level of the velum, a muscular septum separating the buccal and branchial cavities, only wound healing occurred with eventual pharynx degeneration (3, white arrowhead, and 4). Amputation through the pharynx is fatal for both halves (red interval and 5). On sectioning the hepatic diverticulum, a small posterior tail forms (5, blue arrowhead, and Fig. S1 ), and both the atrium and intestine regenerate. The intestine (6) and a well-proportioned tail (7) regenerate when amputated distally. af, Anterio fin; an, anus; at, atrium; bb, branchial basket; bc, buccal cilia; cf, caudal fin; hd, hepatic diverticulum; in, intestine; mo, mouth; mu, muscle; no, notochord; nt, neural tube.
processes, including increase of animal weights over time and the growth of tumors (Materials and Methods and SI Materials and Methods). We correctly predicted class membership of 93.8% of the small and 95.8% of the large individuals (Fig. 3C) . Importantly, tail regeneration at only two timepoints, days 14 and 21, was sufficient to effectively segregate the two classes, the small with 89.6% and the large with 93.8% accuracy. This finding suggests that, during regeneration, the early regenerative processes are most strongly compromised during size and age-related changes in cellular competency. Therefore, to facilitate comparison among ages/size classes, we use a staging system based on the morphological and cellular changes accompanying tail regeneration (Fig. 2C) rather than chronological age, as in newt (16) .
Molecular Signatures of Conserved Chordate Elements. To begin to understand the molecular basis of the regenerative process in chordates, we identified conserved and divergent characters in amphioxus. The msx homeobox transcription factors are downstream targets of bone morphogenetic protein (BMP) signaling, and orthologs are expressed during head regeneration in planaria, in tail and limb regeneration in a variety of vertebrates, and during muscle transdifferentiation in jellyfish (20) (21) (22) (23) . In amphioxus, msx is expressed in the undifferentiated cells of the notochord, neural tube ampulla, and blastema mesenchyme by stage 2 as well as the wound epithelium (Fig. 4A ). This finding differs from what is seen during embryogenesis in B. floridae, in which msx is not expressed in the tailbud (24) .
We also wanted to determine whether the notochord, with a lamellar structure that seemed to disintegrate between stages 2 and 3 ( Fig. 2B and Fig. S3 ), reexpressed any embryonic-specific markers. The BMP antagonist chordin is expressed during notochord specification and differentiation in amphioxus from gastrulation to late neurulation (25) . We find that, by stage 3, chordin is reexpressed specifically and exclusively in the distalmost mesenchymal cells of the notochord blastema (Fig. 4B) .
The origin and development of the regenerating neural tube were also examined. In lizards, after tail autotomy, elongation of the ependymal tube proceeds through axonogenesis without the generation of new neurons; in salamanders and tadpoles, axonogenesis and neurogenesis occur (2) . We found that the regenerating neural tube of amphioxus is composed of extending axons, which was assessed by α-acetylated tubulin labeling (Fig. 4C and Fig. S3) . However, by stage 3, the elongating ependymal tube also expresses soxB2 (Fig. 4D) , the ortholog of vertebrate sox21 implicated in neural differentiation (26) . These data suggest that the process of tail regeneration proceeded by both axonogenesis and neurogenesis in the chordate ancestor.
Pax3/7 Progenitors Occur at the Muscle/Blastema Boundary. In several vertebrate models, the activation and mobilization of a population of muscle satellite stem cells, which express Pax7 and reenter the cell cycle, accompany muscle regeneration (18, (27) (28) (29) . Amphioxus possesses a single pax3/7 ortholog with homology to pax3 and pax7 that is expressed during somitogenesis (25, 30) .
To establish whether such a population contributed to regeneration in amphioxus, we first determined that Pax3/7 protein expression is consistent with embryonic expression patterns. We used a monoclonal Pax3/7 antibody (clone DP312) with broad species cross-reactivity, the core epitope of which PD(V/I) YTREE is found in amphioxus pax3/7 (SI Materials and Methods). Importantly, in both embryonic and mature animals, Pax3/7 is Growth intervals: small: F(11, 432) = 68.43, P < 0.00001; large: F(11, 155) = 9.70, P < 0.00001. (C) A seven timepoints-based classifier (14-56 dpa) assigns large and small animals to correct size classes with >93% (small, red; n = 48) and >95% accuracy (large, blue; n = 16). Only animals with complete datasets were used for classifier development (n = 64). The graphs display the natural logarithms of the Mahalanobis distances [ln(d 1 ) vs. ln(d 2 )]; the dotted line indicates the optimal class separator. located in some cells surrounding the muscle (Figs. S4 and S5) . Furthermore, these peripheral, flattened Pax3/7 + cells seem to reside under the basal lamina, which was assessed by anti-Laminin staining (Fig. S5) , suggesting that a population of progenitors, possibly functioning like muscle satellite-like cells, exists in amphioxus and was likely present in the chordate ancestor.
In contrast to uninjured adults, for which Pax3/7 + cells associated with the musculature are rare (Fig. S5) , by stage 2, there is an abundance of such cells in the blastema, specifically located at the basal lamina of the myosepta at the periphery of degrading musculature ( Fig. 5 A and B) . Up to stage 3, Pax3/7 expression continues at the muscle/blastema boundary and is strong in the majority of cells of the elongating ependymal tube (Fig. 5C ). This Pax3/7 distribution in the regenerates is comparable with pax3/7 expression both in the ependymal tube and at the muscle boundary (Fig. S6) . The embryonic, uninjured adult and regenerating adult expression of Pax3/7 suggest that a population of satellite-like cells remains quiescent until injury in amphioxus, which is similar to vertebrates.
Proliferation and Pax3/7 Differences Correlate with Regeneration
Decline. In mouse injury models, the contribution of proliferative Pax7 + cells to the regenerative potential of muscle seems to be stage-dependent (27, 31) . Moreover, in vertebrates, the larger the amputated surface area, the less regeneration-competent the blastema (18) . One might, therefore, expect that juvenile and adult amphioxus sampled at the same postamputation age differ in their proliferative capacity and that this difference is associated with changes in Pax3/7 expression. We focused on a time window of 14-21 dpa, which corresponded to the maximal separation between size classes (Fig. 2) .
We identified proliferative cells in all tissues of the regenerating tails, most notably among the Pax3/7 + population, irrespective of stage or size (Fig. 6 A-C) . The maximal anteroposterior extents of proliferation and Pax3/7 expression are positively correlated (r = 0.21, Kendall τ, P ≤ 0.05). Stage postamputation has a significant effect on the maximal anteroposterior extent of proliferation (Kruskal-Wallis ANOVA by ranks, P = 0.0064), but size does not (Fig. 6D) . In contrast, the maximal anterior distribution of Pax3/7 + cells depends on size and not stage postamputation (P ≤ 0.000001) (Fig. 6D) .
Dividing the anteroposterior axis of the tail into blastema, dedifferentiated, and uncut tissues reveals a complex pattern of spatiotemporal changes in proliferation. Strikingly, as regeneration proceeds, phosphohistone H3 (PH3 + ) cells are located farther from the blastema, particularly in small animals (Fig. S7) . We also hypothesized that differences in size classes may reflect differences in proliferative activity of some tissues over others, particularly of the Pax3/7 + cells at the muscle periphery and in the blastema. We found significant differences in proportions of PH3 + cells in the muscle but not in notochord, neural tube, or epidermis when comparing size classes at 15 and 17 dpa (one-sided P ≤ 0.007). These results imply that the apparent reduction of regenerative ability with increasing size and age is because of a time lag of blastema proliferation in larger animals combined with a reduced anteroposterior domain of proliferative and Pax3/7 + cell competency.
Discussion
Our work provides insight into the basis of regeneration in the chordate ancestor. Even as adults, amphioxus possess remarkable regenerative potential and share a number of anatomical and molecular features with vertebrate regeneration models. However, in many ways amphioxus is a more tractable system, permitting dissection of complex regenerative processes in a simpler, archetypal genetic and genomic context (7-9). We, therefore, argue that amphioxus is a good model system in which to frame hypotheses surrounding the diversification of vertebrate regenerative mechanisms. Chordate evolution is characterized by a very obvious reduction in regenerative ability in several lineages, particularly in craniates and most notably, in birds and mammals (Fig. 1) ; identification of pivotal molecular checkpoints is a realistic future goal in amphioxus.
Our histological and molecular data suggest that, similarly to vertebrates, amphioxus regeneration is epimorphic. In contrast, a report published while this manuscript was under review proposes that oral cirri in amphioxus might regenerate through morphallaxis (32) . We find active proliferation both within and outside the tail blastema, including the notochord, which bears structural similarities to the oral cirri. This variation, if real, may indicate that anterior and posterior regeneration are mechanistically different and highlights the importance of knowing the origins of the cells in the regenerates. Similar to the situation in Xenopus tadpoles, the axolotl blastema is now also thought to be composed of a heterogeneous population of cells with restricted fates (17, 33) . However, the observations that cells leave the terminal vesicle of the spinal cord (34) and that satellite cell progeny can adopt epidermal fates in vitro (28) both suggest that, at least in salamanders, plasticity exists under certain conditions. In our study, the absence of Pax3/7 in the regenerating notochord is suggestive of its early specification, and we found evidence for ciliated cells exclusively in nonnotochord blastema. Lineage tracing could shed light on this topic in amphioxus, although appropriate techniques are currently unavailable.
In vertebrates, resident progenitor populations contribute to blastema formation, but truly totipotent planarian-like neoblasts have not been identified. On injury, dedifferentiation of muscle to a mononucleate state, concomitant with activation of satellite cells, also seems critical to regeneration (29, 33) . There have been no reports of any somatic stem cell type in amphioxus, and many classical stem cell markers, such as Oct4 and Nanog, have not been identified. Amphioxus muscle is reported to be mononucleate (35) but seems to break down and activate a Pax3/ 7 + pool of stem cells. Our work in amphioxus highlights the existence of an ancestral chordate regenerative process that employs resident stem cells. Nevertheless, the contribution of totipotent/pluripotent stem cells or morphallaxis should not be discounted.
Our observations that Pax3/7 is a likely marker for progenitor cells involved in amphioxus adult tail regeneration, in addition to chordate CNS and muscle development (36) (37) (38) , have important implications for the origins and evolution of muscle. Adult Pax7 + muscle satellite cells arise from a transient epithelium of probable lateral mesodermal origin, the dermomyotome (39, 40) , which expresses pax3 and pax7 in both jawed vertebrates and lamprey (lateral cells) (41) (42) (43) . However, although pax3/7 is expressed during somitogenesis (25, 30) , amphioxus lacks an obvious dermomyotome-like component. Nevertheless, the mesothelial cells that later line the adult coelomic cavities (44, 45) apparently do express pax3/7 during development (30), although it is only during adult regeneration that Pax3/7 + satellite-like cells become reactivated at muscle injury sites. The mammalian coelomic mesothelium has been proposed to be a good source of multipotent progenitors, capable of transdifferentiating to a variety of lineages from hemangioblasts to skeletal muscle (46, 47) . Several hypotheses can, therefore, be envisioned to reconcile the data. (i) Amphioxus mesothelial and vertebrate muscle satellite cells share a common evolutionary developmental origin. (ii) Amphioxus mesothelial progenitor cells transdifferentiate on wounding to enter a myogenic program. (iii) Cells contributing to regeneration, in fact, represent a heterogeneous pool of myogenic precursors, several of which express Pax3/7. Alternatively, Pax3/7 expression may simply mark "stem cellness." Additional work is needed to address these issues not only in basal chordates but also in other metazoans, because pax3/7 arose before the protostome-deuterostome split (48) .
Recently, biomedical research has begun to focus on the role of stem cells in the decline of regenerative ability with aging, most notably in mouse and human models (18, 31) . However, data on the newt lens suggest that not all vertebrate systems lose their regenerative potential with aging and repeated amputation (49) . Nevertheless, our ability to predict the assignment of amphioxus to their correct class using only tail regenerative growth curves underscores a fundamental difference between young and old individuals in our system. On the one hand, older adults may have different, more restricted pools of stem cells or systemic environments than younger individuals. On the other hand, our data may support the idea that there is a reduction of competency with size and age, either of the Pax3/7 + progenitor pool to respond to signals or the diffusion of inductive cues from the injury site. Complex spatiotemporal regulation of Pax3 and Pax7 and their effector pathways during myogenesis and regeneration (50-52) indicate a delicate equilibrium between self-renewal and differentiation. Uncovering the developmental and molecular basis of organ regeneration in a variety of basal chordates, including amphioxus, is essential for understanding the evolutionary diversity of regenerative potential in Metazoa. Equally important, it will help provide the groundwork for developing strategies to improve regenerative capacity in poorly regenerating organisms, like humans.
Materials and Methods
Animal Collection and Care. European amphioxus B. lanceolatum were collected near Argelès-sur-Mer, France, and maintained in a semiclosed circulating system at 19°C under natural light-dark conditions (15) . Amputation was performed using a razor blade under sterile conditions with anesthesia (clove oil, 1/10,000). For postanal tail regeneration experiments, care was taken to amputate at equivalent anterior-posterior levels in all animals (mean = 9.82 ± 0.97 myomeres; nonsignificant effect on regenerative growth).
Quantification of Tail Regeneration Profiles. After amputation, individual animals were photographed every 2 d for the first month using an Olympus E3 camera fitted to an Olympus SZX16 microscope, every 1 wk until 8 wk, and finally, at 10 or 15 wk (n = 70). To minimize animal handling, tail regeneration profiles were determined using the photographic dataset (SI Materials and Methods).
Scoring of Tail Regenerate Quality. Animals were scored based on the quality of the regenerates formed after 8 wk postamputation. The Welch's t test for unequal variances was used to test for differences in regenerate quality between groups (mean ± SD) (SI Materials and Methods).
Classifier Development. The analyses were performed using complete growth datasets from 64 animals (48 small and 16 large) collected at timepoints 14, 21, 28, 35, 42, 49 , and 56 d postamputation. The regeneration data were fitted to a Gompertz function (SI Materials and Methods). Linear discriminant analysis was used to develop the classifier. The seven timepoints were projected onto a class proximity plane (SI Materials and Methods; Figs. S8-S9; Tables S1-S3). The conventional linear discriminant analysis-based classification was carried out on standard software. The curve fittings and all other statistical calculations were performed with the commercial software MedCalc. In Situ Hybridizations. In situ hybridizations were performed as previously described using antisense probes against msx, chordin, pax3/7 (25), and soxB2. Details are provided in SI Materials and Methods.
Immunohistochemistry and Histology. Immunohistochemistry was performed on both paraffin microtome (10-15 μm) and vibratome (50-100 μm) sections and whole-mount tails using standard procedures. Details on methodology and primary and secondary antibodies are included in SI Materials and Methods.
Quantification of Proliferation and Pax3/7 Maximal Distribution. Quantification and confocal image processing were performed using ImageJ. Maximal extent of proliferation (PH3) and Pax3/7 expression were measured from the tip of the blastema to the most anterior point of antibody staining (SI Materials and Methods). A total of 15 day-15, 14 day-17, and 22 day-20 regenerate sections were quantified from two to three individuals (SI Materials and Methods). For quantification of proliferation, the total number of PH3 + cells in all sections was counted; proportions of PH3 + cells were determined for different tissues and zones. In all nonparametric tests, P ≤ 0.05 was considered statistically significant. All statistics were performed using Statistica 2.0 software (Statsoft).
